The MINERvA (Main INjector ExpeRiment: νA) experiment is focused on the measurement of neutrino cross sections on various nuclear targets. For this kind of study it is crucial to know precisely neutrino flux. MINERvA uses the NuMI (Neutrinos at the Main Injector) beam produced at Fermilab. The recent study on the evaluation of the beam and its uncertainty is presented. The NuMI beam is also used by other neutrino experiment, like MINOS, ArgoNeuT, PEANUT and NOvA, therefore, the results can be used by other collaborations.
Introduction
Neutrino oscillations measurements require the good knowledge of neutrino cross sections [1] . Theoretical calculations are never comprehensive and phenomenological input is necessary. Most of neutrino cross sections measurements are affected by systematic errors of the order of 20% and most of it comes from flux uncertainties. It is crucial to reduce the errors in order to better understand neutrino interactions, which is necessary to precise measurements of oscillations parameters, looking for CP violation in the lepton sector and determining neutrino mass hierarchy.
MINERvA is a dedicated neutrino scattering experiment. The design of the detector allows to measure neutrino cross sections on different nuclear targets [2] : carbon, iron, lead, and water. The active tracker region (scintillator, CH) is used to identify particles and their momenta. Two layers of calorimeters give additional information on electromagnetic and hadronic showers, which may be used to reconstruct the energy of incoming neutrino. The detector is located in the NuMI beamline [3] , directly in front of MINOS near detector [4] , which is used by MINERvA as a muon spectrometer.
The NuMI beam is produced by colliding high energy protons with a graphite target. Charged mesons, created in such process, are focused by two magnetic horns to a decay pipe, where charged leptons and neutrinos are created. The former are caught by an absorber. By changing horns polarities one can switch between neutrino or anti-neutrino beam mode. The energy of the beam is controlled by the relative position of the horns and the position of the target. In 2005-2012 the NuMI beam was set for low energy (LE) mode with the peak around neutrino energy E ν ∼ 3 GeV. Since 2013 high energy (HE) beam has been producing with the peak around E ν ∼ 6 GeV. Only LE beam is discussed in this paper.
Previous MINERvA analyses used flux predictions known as Generation 0 and Generation 1, as shown in Tab. I. The most recent Generation 2 includes many improvements:
• • new framework (PPFX), which allows to use thick target data
• and allows predictions of the fluxes for NOvA and uBooNE They all are described in details in Sec. 2. The new flux predictions and comparisons with previous generations are shown is Sec. 3.
Simulation improvements
The flux prediction starts with the Geant4 (v4.9.2p03) toolkit [11] simulation of the NuMI beamline. The FTFP BERT hadronic physics list is used, so Bertini intranuclear cascade is applied below projectile energy 4 GeV and the FRITIOF Precompound model above 5 GeV, with the smooth transition between the models in the energy range 4 − 5 GeV. The results of the simulation are corrected by external data. Similar approach was used by T2K Collaboration [12] .
The geometry used in the simulation for Generation 2 has the following improvements: • thin layer (1.0 ± 0.5 mm) of cooling water around the inner conductor is included
• beryllium windows (0.5 mm each) at the entrance and at the exit of NuMI baffle is added
• argon is used inside the magnetic horns (instead of air)
• the more precise longitudinal target position is applied for each run The effect of all geometry improvements is presented on Fig. 1 . The previous prediction (Generation 1) is compared to the results obtained using new PPFX framework for different longitudinal target positions. Fig. 1(a) presents ν µ beam predictions, while Fig. 1(b) shows the ratios to the previous beam results. The significant drop of the beam around the neutrino energy peak is mainly caused by cooling water around the inner conductor, which was not included in the previous simulations.
Horns geometry and the water layer were restudied to evaluate focusing uncertainties, presented on Fig. 2 : 1σ fractional shifts for each component is shown on Fig. 2(a) , the total fractional focusing uncertainty is presented on Fig. 2(b) , both as a function of neutrino energy. In the NuMI beamline neutrinos are created through pion decays, as presented on Fig. 3 . The most common scenario is: (1) a proton interacts in the target and creates a pion, p + C → π + X; (2) the pion is focused by the magnetic horns; (3) the pion decays in the decay pipe into muon and neutrino, π → µ + ν. However, processes that lead to neutrinos can be more complex because of re-interactions within the target and/or interactions with the focusing horns and decay pipe walls. pC → πX -a pion is produced in proton interaction within the target pC → KX -a kaon is produced in proton interaction within the target nC → πX -a pion is produced in neutron interaction within the target pC → nucleonX -a nucleon is produced in proton interaction within the target meson inc.
Using external hadron data to correct simulations results

-any interaction with meson as a projectile nucleon-A -nucleon interactions outside the target others -anything does not match to above categories
The PPFX framework stores the full interaction chain which lead to the production of neutrino, including the whole kinematics and the target material. This information is used for the reweighting procedure. Using external hadron production data new events weights are calculated according to the following formula:
where
is the Feynman variable, and p T is the transverse momentum. Also, due to mismodeling of the total inelastic cross section, the second weight is applied to account for the beam attenuation:
where L is the distance traveled by the particle and ρ is the density of the material. Flux uncertainties are calculated using multi-universe method.
The data from NA49 [13] and MIPP [14] experiments are used for the reweighing. NA49 provides the measurement of invariant cross sections (E 
Results
Results presented on Fig. 5 include all geometry improvements and thin target hadron production data, described in Sec. 2. They do not include thick target hadron production correction. 
ν − e constraint
The cross section for neutrino-electron scattering can be calculated precisely within the electroweak Standard Model. Thus, the measurement of such process can be used to constraint neutrino beam.
Assuming the neutrino energy is much greater than the electron mass, the νe → νe cross section can be expressed by the following formula:
where G F is the Fermi weak coupling constant, s is the Mandelstam variable, y ≡ T e /E ν , with T e being the electron kinetic energy. In the case of muon-neutrino C LL = The MINERvA's measurement of neutrino-electron scattering [15] shows that the model predicts more events around the neutrino energy peak than actually observed in the detector, which indicates overestimation of the beam in that region. The results are used to weight up universes that agree better with data. The effect can be seen on Fig. 7 .
Low-ν constraint
The differential cross section for neutrino scattering can be approximated by:
where ν is the energy transfer and A, B, C are constants. For low energy transfer the cross section is constant and can be used to constraint the flux predictions.
The MINERvA's charged current inclusive cross section measurement is used to estimate the flux according to the following formula:
where U stand for unfolding, D ν and B ν for data and background, respectively, interaction rates, η is normalization, ε is a product of efficiency and acceptance, T is number of target nucleons, and σ ν is low-ν cross section. At high energies the normalization is fixed using high precision cross section measurements, e.g. NOMAD [16] . The comparisons of the beam predictions using external hadron production data and low-ν constraint are presented on Fig. 8 
Summary
The paper presents the most recent improvements in the MINERvA s flux predictions, including updated geometry of the NuMI beamline and new hadron production data used to correct the simulation. Two interesting techniques for flux constraint using ν − e scattering and low-ν data are presented. Understanding of NuMI neutrino beam is significantly improved, which will help to provide high precision cross section measurements by MINERvA collaboration. the Fermilab staff responsible for the operation and maintenance of the beamline and detector.
